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Abstract 
Background mainly in the United States, because the insurance companies have refused 
to reimburse surgeons for fear of delayed complications, revisions and unknown 
secondary costs. Typical long-term vertebrae-implant related structural complicat ions 
include subsidence, migration, implant displacement, endplate fracture, wear and 
loosening. Intervertebral disc implant size, shape, position, endplate removal and 
compressive strength of trabecular bone further affect the risk of implant subsidence and 
loosening. The aim of the present study is to understand the combined effects of the 
different depth positioning of the ProDisc-L implant and endplate removal during surgery 
on the vertebral bone strain behaviour. Manufactured synthetic spinal L3-L4 segments 
were used to experimentally predict vertebrae cortex strain behaviour for different depth 
implant positioning and endplate thickness removal. In addition, validated finite element 
models were developed to assess the structural behaviour of cancellous-bone. Measured 
cortex strains showed significant differences relative to the intact vertebra for the most 
extreme depth implant positioning. The endplate thickness reduction tends to decrease 
significantly compressive cortex strains for all strain gauges. A two- to three-fold 
cancellous-bone strain increase occurs when more than 50% of the endplate thickness is 
removed, independently of the depth implant position. It is concluded that the implanted 
strain distribution that better fits intact vertebra strain behaviour is achieved when the 
depth centred implant position is combined with a partial endplate thickness removal. 
 
Keywords: experimental strains; strain gauge; lumbar total disc replacement; strain-
shielding; ProDisc-L; finite element model.  
Introduction 
Total disk replacement (TDR) has met considerable resistance from the medical 
community, mainly in the United States, because insurers have refused to reimburse 
surgeons for TDRs due to concerns with delayed complications, revisions, and unknown 
secondary costs [1-2]. Although some short-term clinical follow-up studies indicate 
satisfactory outcomes, there is a lack of long-term clinical data proving the efficacy of 
the TDR [3-5]. Typical long-term vertebrae-implant related structural complicat ions 
include subsidence, migration, implant displacement, endplate fracture, wear and 
loosening [6]. Intervertebral disc implant size, shape, position, endplate removal and 
compressive strength of trabecular bone affect the risk of implant subsidence and 
loosening [7-10]. The proportion of current TDR patients who will ultimately develop 
subsidence and loosening will increase, as the predominantly younger TDR population 
ages and experiences progressive bone loss and osteoporosis [11]. Parameters, such as 
implant positioning combined with cortical endplate preparation (removal), are related to 
the patient’s anatomy and condition, as well as, on the level of experience of the surgeon. 
These vertebral structural parameters are more critical when constrained-keeled implants 
are used, as the case of ProDisc-L, since these devices seem to be less forgiving and need 
particular anatomic placement, and the keel affects the mechanical integrity of the 
endplate [9,12]. To the authors’ knowledge, very little experimental work has been 
published about the strain/stress behaviour of the implanted lumbar vertebrae. The aim of 
the present study is to understand the combined effects of different depth positioning of 
the ProDisc-L implant and endplate removal (thickness) on the vertebral bone strain 
behaviour. Ideally, vertebral bone strain values should be low enough to avoid exceeding 
the bone fatigue levels, which are related to risk of implant subsidence and vertebral 
facture, but also, must not be below bone-remodelling inductive levels, which lead to 
bone atrophy, ultimately resulting in implant loosening in the long term.  
Experimental procedure  
Five simplified L3-L4 synthetic lumbar spine segments had to be manufactured because 
they were not commercially available. Each segment includes a L3 and L4 synthet ic 
lumbar vertebra (models 3429-3-2 and 3429-4-2, from Pacific Research Labs, WA, USA) 
with a solid foam cancellous core (solid rigid polyurethane foam) and a simulated cortical 
bone (short fiber filled epoxy) and three mimetic synthetic intervertebral discs L2/3, L3/4 
and L4/5 (Figure 1). The synthetic intervertebral discs were manufactured in order to 
mimetic the functional structure of the natural disc, with a solid annulus composed by 
concentric silicone rubber layers and a nucleus filled with an incompressible gelatin-
hydrogel (Figure 1). The dimensions of each synthetic disc were determined from 
morphological studies of human intervertebral disc [13-14], which are presented in table 
1. The number of silicone rubber layers (1mm/layer) on annulus was defined based on 
experiments in order to approximate the dynamic compressive axial stiffness of the 
human interval disc with values ranging between 1189N/mm and 2480N/mm [15-16] 
(Table 1). The three discs were rigidly fixed to the L3 and L4 vertebrae endplates as well 
as to the upper and lower compression plates with epoxy resin (Figure 1). Ten triaxia l 
rosette strain gauges (KFG-1-120-D17-11L3M2S, Kyowa, Japan) were glued to the 
anterior (Au, Am, Al), anterolateral (ALu, ALm, ALl), posterolateral (PLu, PLm, PLl) 
and posterior (Pu) sides of the L4 vertebral body (Figure 1). All strain gauges were 
connected to a data acquisition system PXI-1050 (National Instruments, USA). Each 
intact L3-L4 spinal segment was subjected to an axial cyclic (1Hz) compressive load of 
1200N, based on the ASTM F2423-11 standard for testing of lumbar IVD prosthesis [17], 
applied through an electromechanical load device on the upper compression plate (Figure 
1). To provide a better control of the load delivered to the vertebral body, there was no 
inter-contact of the posterior vertebrae facets joints. The implanted models were 
constructed from the intact models (the same vertebrae were used to test both the intact 
and the implanted models), in order to test three different depth implant positioning; 
anterior, centered and posterior which were combined with three L4 vertebra upper 
endplate thicknesses (Figure 2). The anterior and posterior implant positions correspond 
to the maximum anterior and posterior endplate borders fit (depth range ≈7mm). The 
ProDisc-L (DePuy Synthes, Raynham, MA, USA) prosthesis (size M, 6º) implanta t ion 
procedure was done by an experienced surgeon, according to the protocol described for 
this prosthesis [18] with the partial removal of the L3/4 disk (Figure 2). The test procedure 
for each implanted spine specimen begins with the intact L4 vertebra endplate (≈0,5mm 
thickness, measured by CT-scan), then the upper vertebra endplate thickness was reduced 
by milling to ≈0,25mm (half of intact endplate thickness) and finally the vertebral 
endplate is completely removed (≈0mm thickness); the three depth implant positioning 
were tested for each one endplate thickness. The strain gauge Au (anterior upper) is 
removed due to the implantation procedure (Figure 3). Each implanted L3-L4 spine 
segment was subjected to the same load condition of the intact spine (Figure 3). In order 
to evaluate the L4 vertebra cortex strain changes between intact and the nine different 
implanted cases, as well as establish the correlations with FE models the maximum-ε1 
and minimum-ε2 principal strains within the plane of the gauge at the fifty load cycle 
were calculated and averaged, and the standard deviations determined. Normal 
distribution of all data was evaluated through an exploratory data analysis. A two-way 
ANOVA was conducted to evaluate the effect of each of the two independent variables 
(endplate thicknesses and depth implant positioning) and their interaction. Additiona lly, 
paired t-tests were performed to assess the statistical significant difference of the mean 
principal strains between intact and implanted state. The spine L3-L4 segment 
displacement was also measured. 
Finite element analysis 
Finite element (FE) models of intact and implanted L3-L4 spine segments were made 
from CT-scans of the experimental models, which were then converted to 3D models with 
an image processing software (ScanIP, Simpleware Ltd. Exeter, UK). The implant 
geometries were created with the CAD modeling package Catia V5 (Dassault-Systèmes, 
France) after 3D digitalization. The number of elements (Table 2) was chosen based on 
convergence tests, of the spine segment axial displacement and the minimum principa l 
strains at two locations. The convergence rate of the displacements was less than 1% and 
less than 3% for the minimum principal strains when nearly 190,000 elements were used. 
The disc nucleus was modelled as incompressible fluid - filled cavity with a density of 
1.27 g/cm-3. Tie constraints were used between vertebrae and respective contacting 
surface of the disc (annulus and nucleus). All implant-vertebrae interfaces were 
considered to be in contact, with a friction coefficient of 0.8 to mimic the effect of the 
small teeth and prosthesis surface asperities [19-20]. The metal-on-polyethylene contact 
was modelled with a friction coefficient of 0.083 [21]. All contacts were modelled with a 
surface-to-surface contact algorithm and with the augmented Lagrange formula t ion 
method. The material properties used were those described by the manufacturer (Table 2) 
and were assumed to be homogeneous, isotropic and linear elastic. All simulations were 
conducted using the commercial software Abaqus v. 6.14 (Dassault Systèmes Simulia 
Corp.). Nonlinear geometry effects were accounted for in all simulations. Applied load 
was identical to the experimental models. Regression analyses between the principa l 
strains predicted by the FE models and experimentally measured strains were performed. 
The overall absolute difference between numerical and experimental cortex strains, the 
root-mean-square-error was calculated and expressed as a percentage of the peak values 
of the measured principal strains (RMSE %). The spine segment displacement for each 
model was compared with the experimental. Principal minimum cancellous-bone strains 
were analysed/compared between intact and implanted models. 
Results 
Figure 3 shows the means and standard deviations of the cortex principal strains for the 
three implant depth positioning’s tested combined with a L4 vertebra endplate thickness 
of 0.5mm (Fig. 3a), 0.25mm (Fig. 3b) and 0mm (Fig. 3c). The average standard deviation 
of the principal cortex strains was less than 11%. Analogous cortex strain behaviour 
between strain gauges was observed for the three endplates thicknesses tested (Fig 3a, 
Fig.3b and Fig. 3c).  
To evaluate the effect of each of the two independent variables (endplate-thickness and 
depth-implant-positioning) and their interaction, the two-way ANOVA analysis was done 
and the results are presented in Table 3. These results confirmed that there are significant 
differences (p<0.05) between the minimum principal cortex strain (ε2) results for the 
different endplate thicknesses for all strain gauges at exception of the AL_upper strain 
gauge. The maximum principal strain (ε1) results differ significantly (p<0.05) between 
the different endplate thicknesses on four strain gauges the A_midlle, AL_lower, 
AL_upper and P_upper. Regarding the different depth implant positioning there are 
significant differences (p<0.05) between the minimum principal cortex strain (ε2) results 
on all strain gauges. The maximum principal strains (ε1) results differ significantly 
(p<0.05) between different depth implant positioning on all strain gauges at the exception 
of two strain gauges, the PL_middle and PL_lower. There are no significant differences 
(p>0.05) on the minimum principal strains (ε2) results in the interaction between endplate 
thicknesses and depth implant positioning on three strain gauges the A_lower, AL_upper 
and AL_lower. Concerning the maximum principal strains (ε1) results, no significant 
difference (p>0.05) in the interaction between endplate thicknesses and depth implant 
positioning were found on five strain gauges the A_middle, AL_middle, AL_lower, 
PL_upper and PL_lower. 
The greatest nominal cortex principal strain differences relatively to the intact condition 
occur for the most extreme depth implant positioning (Anterior and Posterior) at Am, 
ALu, ALm, PLu and Pu strain gauges positions (Figure 3).  The endplate thickness 
reduction tends to decrease minimum principal strains for all strain gauges and increase 
maximum principal strains in anterior (Am) and posterior (Pu) strain gauges relatively to 
the intact segment (Figure 3). Significant principal cortex strain differences (p<0.05) 
between intact and all implanted cases are presented in Table 4. The endplate thickness 
reduction increases the number of strain gauges (for all depth implant positioning) with 
significant (p<0.05) minimum principal strain differences between intact and implanted 
cases (Table 4).  
Figure 4 presents the linear regressions curves for intact and the three depth implanted 
positions with a 0.5mm (Fig 4a), 0.25mm (Fig.4b) and 0mm (Fig. 4c) endplate thickness. 
The linear regression correlation values (R2) between numerical and experimental cortex 
strains for the ten analysed cases ranged between 0.91 and 0.96 with slopes ranged 
between 0.97 and 1.05 (Figure 4). The measured displacement of the intact segment was 
1.77±0.18mm and 1.16±0.12mm in implanted cases. The FE displacement of the intact 
model was 1.61mm while implanted segments ranged between 1.07 and 1.04mm, which 
represents less than 10% relatively to experimental ones. The overall absolute difference 
between numerical and experimental cortex strains (RMSE %) comprising all models was 
12%. Figure 5 shows the minimum principal strains patterns in L4 vertebra cancellous-
bone obtained in the FE analysis. The highest cancellous-bone strain differences were 
inferior to 25% between the three depth implant positions, for an identical endplate 
thickness. The endplate thickness reduction increases nominal strain values relatively to 
the intact model, a two-three fold cancellous-bone strain increase occurs when the 
endplate is totally removed (Figure 5).  
Discussion 
The aim of the present work was to investigate in-vitro implant–vertebra load transfer 
mechanisms, particularly the effect of depth implant positioning combined with the 
cortical endplate removal on the vertebral bone strain behaviour. The standard deviations 
of the measured vertebra cortex strains were within the range of those found in the 
literature which used other synthetic bones [22-23]. The two-way ANOVA analysis 
indicates that there is a significant effect on minimum and maximum principal cortex 
strain results between the different depth implant positioning, for most of the strain 
gauges. Concerning the different endplate thickness factor, there is a significant effect on 
the minimum principal strains results for the majority of strain gauges, while for the 
maximum principal strains results this factor is not significant for most of the strain 
gauges.  Furthermore, there is a combined effect on the minimum principal cortex strains 
results in the interaction between endplate thicknesses and depth implant positioning for 
most of strain gauges positions, while for the maximum principal strains results this 
interaction is absent in the majority of strain gauges. These experimental cortex strain 
results, in particular the minimum principal strains, show that the implanted vertebral 
body is susceptible to the different combinations of depth implant positioning and 
endplate thickness. 
The depth centred implant position models were those that presented the closest 
behaviour to that of the intact vertebra cortex strain, while the posterior depth implant 
positioning caused an extreme strain increase (four-fold) at the posterior vertebral surface 
which reveals some potential risk of fatigue fracture resulting from bone microdamage 
due to excessive cyclic loading [24-25]. The implanted cases with the intact endplate 
thickness (t≈0.5mm) were those that followed most closely the intact vertebra cortex 
strain behaviour independently of the depth implant position. Significant minimum 
principal cortex strain reduction occurs when more than 50% of the intact endplate 
thickness was removed; however, the nominal cortex strain reduction (<150μstrain) does 
not appear to induce an important cortex structural risk at long-term [26].  
The developed FE models present linear regressions and RMSE values in the range of 
other experimental-numerical studies performed using synthetic bones [27, 28], which 
reveal good agreement between FE and measured cortex strains. Intact vertebra 
cancellous-bone strain behaviour revealed that the highest nominal minimum principa l 
strains take place in the vertebral centrum region, which is in agreement with the major 
load-bearing pathway in axil compression with a nondegenerate disc [29-30]. The peak 
cancellous-bone strain differences between the three depth implanted positions, for 
identical endplate thickness, were small. The depth centred implant position was the one 
that better followed the intact vertebra cancellous-bone strain behaviour. The intact 
endplate thickness models presented a cancellous-bone strain reduction, under the 
implant footplate, relatively to the intact vertebra, for all depth implant positions.  It is 
known that in situations where bone loads are reduced or eliminated, bone mass is 
reabsorbed [31-32], which can represent a potential structural risk at long-term. However, 
the intermediate endplate thickness (0.25mm) fits the intact vertebra strain behaviour at 
the central body region without signs of strain-shielding effect. A substantia l 
cancellous-bone strain increase (>100%) occurs when the endplate was completely 
removed (0mm) for all depth implant positions. The failure process of cancellous-bone 
can be due to overload, normally through a fatigue mode, and it may occur if compressive 
strains are increased by 50% to 100% due to prosthesis implantation [33-34], which is the 
present case.  
Few experimental studies analysed lumbar vertebra cortex strains [35-37], all of them on 
the intact cadaveric vertebrae; however, the different load magnitude, fixture setup and 
vertebral bone condition do not allow a direct cortex strain comparison. Intact cortex 
strains, at equivalent vertebral body regions, between 400 and 2500 microstrain were 
found for a 1470 N axial compressive load [36] and 100 to 700 microstrain for a 
compressive load of 490N [37], such cortex strains are in the range of the present study, 
for the intact case, if the applied load is scaled. 
As in all experimental-numerical studies, the present study had some shortcomings one 
such limitation is concerned with the use of synthetic bones and synthetic interverteb ra l 
discs. The mechanical changes on the gelatin-hydrogel intervertebral disc after testing 
were not evaluated in this study, which can be considered a limitation. Nevertheless, each 
gelatin-hydrogel intervertebral disc was only loaded one time in each intact model.  
Furthermore, using different synthetic vertebral segments for each of the experimenta l 
groups would mitigate the effect of previous loading on the vertebrae strain measured. 
The advantage of using artificial bones and intervertebral disc is that specimen geometry 
and material is near constant, which optimizes the reproducibility of results obtained in 
experimental tests. Experimental load configuration was simplified with the vertebral 
body only loaded through its adjacent discs. However, the applied load is representative 
of major load acting upon the vertebral body and implant; on the erect standing posture, 
when the disc is normal, the neural arch resists only 8% of the applied compressive force, 
and the remainder is distributed on the vertebral body [38]. Furthermore, due to the 
comparative nature of the study, it is concluded that the observed strain results are 
representative of major strain differences between intact and the different implanted states 
at the same strain measurement location. 
The main finding of the present study is that the depth implant positioning combined with 
the endplate thickness changes considerably the magnitude of vertebral bone strains 
relative to the intact state. Independently of implant depth position, significant reduction 
of endplate thickness yields an important structural risk, which can be associated with the 
fatigue failure process of cancellous-bone due to overload. However, implanted cases 
with no endplate removal, the unloaded bone region under the implant footplate can be 
subjected to localized bone mass resorption at long-term. The strain distribution that 
better fits intact vertebra strain behaviour is achieved by the depth centered implant 
position combined with a partial endplate thickness removal. 
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with centered implant depth positioning; d)  Lateral view of the implanted model with 
posterior implant depth positioning. 
Figure 3 – Mean and standard deviation of the measured principal strains at each strain 
gauge location for the intact vertebra and the three implanted depth implant positions 
(anterior, centered and posterior) for each endplate thickness: a) Endplate thickness of 
0.5mm; b) Endplate thickness of 0.25mm; c) Endplate thickness of 0mm. 
Figure 4 - Linear regression between experimental and numerical strains for intact and all 
implanted depth implant positions for each endplate thickness: a) Endplate thickness of 
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Figure 5 - Minimal principal strains in L4 vertebral cancellous bone: a) Intact and the 
three depth implant positions with a 0.25mm endplate thickness (sagittal plane); b) Intact 
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Figure 3 
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Table 1 – Mean intervertebral disk dimensions and axial dynamic stiffness. 
Intervertebral 
disc 
Height 
(mm) 
Depth 
(mm) 
Width 
(mm) 
Annulus number of  
silicone rubber layers 
Dynamic stiffness 
at 1Hz (N/mm) 
L2/3 11.5 35 48 6 1980±120 
L3/4 12 37 54 7 2084±128 
L4/5 12 38 54 7 2105±135 
 
Table 2 - Material properties and FE mesh characteristics. 
Component Material 
Young 
modulus 
(MPa) 
Poisson’s 
ratio 
Element 
type 
Number of elements 
Intact Implanted 
Vertebral 
cortical bone 
short fiber fi l led 
epoxy  
16,000 0.26 C3D10 
195,179 205,732 
Vertebral 
cancellous bone 
solid rigid 
polyurethane foam 
(ρ=0.16g/cm-3) 
58 0.3 C3D10 
Disc annulus sil icone rubber 5 0.47 C3D20 
Disc nucleus hydrogel 
incompressible fluid 
(ρ=1.27 g/cm-3) 
SFM3D4 
ProDisc-L 
Endplates 
CrCoMo 21,000 0.3 C3D10 
ProDisc-L  
Inlay core 
UHMWPE 2500 0.45 C3D10 
Compression 
plates 
aluminum 70,000 0.3 C3D10 
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Table 3 – P-values from two-away ANOVA to test the effect of each of the two independent 
variables, endplate thickness and depth positioning, and their interaction. 
  Principal strain 
Strain gauge Source of Variation ɛ1 - maximum ɛ2 - minimum 
A upper  - - 
A middle 
Endplate thickness p<0.05 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  0,78 p<0.05 
A lower 
Endplate thickness p<0.05 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  p<0.05 0,73 
 
AL upper 
Endplate thickness p<0.05 0,23 
Depth implant positioning p<0.05 p<0.05 
Interaction  p<0.05 0,15 
AL middle 
Endplate thickness 0,85 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  0,49 p<0.05 
AL lower 
Endplate thickness 0,15 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  0,43 0,90 
 
PL upper 
Endplate thickness 0,14 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  0,98 p<0.05 
PL middle 
Endplate thickness 0,07 p<0.05 
Depth implant positioning 0,35 p<0.05 
Interaction  p<0.05 p<0.05 
PL lower 
Endplate thickness 0,46 p<0.05 
Depth implant positioning 0,27 p<0.05 
Interaction  0,92 p<0.05 
 
P upper 
Endplate thickness p<0.05 p<0.05 
Depth implant positioning p<0.05 p<0.05 
Interaction  p<0.05 p<0.05 
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Table 4 - P-values from T-tests, performed to test the difference of mean of cortex strains between 
the different combinations of depth endplate thickness/depth implant positioning and the intact 
spine segment. 
Endplate thickness 0.5mm 0.25mm 0mm 
Principal Strain 
ɛ1 
(maximum
) 
ɛ2 
(minimum
) 
ɛ1 
(maximum
) 
ɛ2 
(minimum) 
ɛ1 
(maximum
) 
ɛ2 
(minimum
) 
Strain 
gauge 
Depth 
implant 
position  
A upper - - - - - - - 
A middle 
 Anterior  0,45 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 
Centered 0,19 0,32 p<0.05 p<0.05 p<0.05 p<0.05 
Posterior 0,08 0,10 0.06 p<0.05 p<0.05 p<0.05 
A lower 
Anterior  p<0.05 0,06 p<0.05 0.20 p<0.05 0,43 
Centered p<0.05 0,28 0.07 0.09 0,09 0.07 
Posterior p<0.05 p<0.05 0.15 p<0.05 0,54 p<0.05 
 
AL upper 
Anterior  p<0.05 p<0.05 0,12 p<0.05 0,695 p<0.05 
Centered p<0.05 0,10 p<0.05 0,12 p<0.05 0,06 
Posterior 0,14 p<0.05 p<0.05 0,17 p<0.05 0,10 
AL 
middle 
Anterior  p<0.05 p<0.05 0,09 p<0.05 p<0.05 p<0.05 
Centered 0,15 0,32 0,11 p<0.05 0,18 p<0.05 
Posterior 0,06 p<0.05 0,12 p<0.05 0,37 p<0.05 
AL lower 
Anterior  p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 
Centered 0,09 p<0.05 0.07 p<0.05 0,11 0.07 
Posterior 0,07 0,10 0,14 0,07 0,95 p<0.05 
 
PL upper 
Anterior  p<0.05 p<0.05 0,12 p<0.05 0,09 p<0.05 
Centered 0,10 0.14 0,14 p<0.05 0,21 p<0.05 
Posterior p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 
PL 
middle 
Anterior  0,09 p<0.05 0.08 p<0.05 0,45 p<0.05 
Centered 0,17 0,15 0,16 p<0.05 0,22 p<0.05 
Posterior 0,57 p<0.05 0,17 p<0.05 0,32 p<0.05 
PL lower 
Anterior  0,33 0,37 0,23 0,24 0,32 0,17 
Centered 0,18 p<0.05 0,21 p<0.05 0,24 p<0.05 
Posterior 0,53 0,58 0,15 p<0.05 0,42 p<0.05 
 
P upper 
Anterior  p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 0,11 
Centered p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 
Posterior p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 
 
 
